Abstract Since snacks high in fats are known to be a significant source of fat and energy intake, these have been put in high dietary restraint category. Therefore, an attempt was made to process potato chips through microwave processing without incorporation of any oil in potato chips. Microwave processing of potato chips was done using microwave power varying from 180 to 600 W using constant sample size. Among eleven different drying models, Parabolic model was found to be the best fit through nonlinear regression analysis to illustrate drying kinetics of potato chips. The structural, textural and colour attributes of microwaved potato chips were similar to commercial fried potato chips. It was found that at 600 W after 2.5-3.0 min of processing, potato chips gained the fracturability and crispiness index as that of commercial fried chips. Microwave processing was found suitable for processing of potato chips with low fat content (*3.09 vs 35.5 % in commercial preparation) and with acceptable sensory scores (C7.6 on 9.0 point on hedonic scale vs 8.0 of control preparation).
Introduction
India is the second largest producer of potato in the world. During the harvesting season there is situation of glut, which causes the price of potatoes to drop rather significantly (Marwaha et al. 2010) . Attempts therefore have been made to preserve or add value to the potato. Among several methods for adding value to fresh potato is deep-fat frying. Potato chips and French fries are widely consumed processed products from potatoes. In the conventional production of potato chips, whole potatoes with high dry matter (C20 %) and low sugar content (B150 mg/100 g, fwb); are peeled, trimmed, sliced, deep fat fried and salted to yield the final edible potato chips (Kumar and Ezekiel 2005) . The so formed potato chips absorb a considerable quantity of fat and their final fat content ranges from about 35 to 38 % based on the total weight of the potato chips (Marwaha et al. 2008) .
The high oil content is the major problem associated with potato snacks. There is a trend to develop healthy foods since the number of obese and health conscious persons are increasing day by day (Pandey and Singh 2011) and simultaneously there is increased awareness on health and nutrition among masses. As per the recent report of GAIN (Global Alliance for Improved Nutrition), India is at the third position after America and China for number of obese persons in the world (http://www.dnaindia.com/ health/report 2015).
Hence, fried products are facing friction towards its adaptation by health and calorie conscious people which is commonly known as dietary restraint. Moreover, the deep fat frying process shortens the shelf stability of potato chips due to development of rancidity in them (Vinaixaa et al. 2005) . Therefore, there is earnest need to develop low/ reduced fat potato chips with good sensory quality for widening the scope of its acceptance.
Various hydrocolloid coatings have been reported earlier to reduce the fat content of potato chips (Garmakhany et al. 2008) . Through coatings, a reduction of the fat uptake of potato chips by 49.71-57.03 % has been reported. Technology for the development of reduced fat chips has been developed and patented earlier in US patent (US3402049) in which the slices were dipped in edible oil solution (having temperature lower than GT of potato) and then processed.
It is a well-known fact that, a low fat chips cannot be made with deep fat frying process as fat is absorbed throughout the frying process (http://www.google.co.in/ patents/US3402049). Hence, there is need to find an alternate technology which has the potential to make potato chips palatable with minimal or no intake of oil and at the same time maintain the crispiness of the product.
Microwave processing can be an alternative technology for the development of potato chips with low or no intake of oil. The high moisture content (*80 %) and less product depth are the two major positive factors enabling processing of potato chips through microwave processing. Slight fat reduction in potato chips through microwave processing has already been reported by Talburt and Smith (1987) . Recently, different drying techniques have also been investigated as alternatives to producing fat-free snack products. Therefore, an attempt was made to develop low fat potato chips through microwave processing.
Materials and methods

Material
Potatoes (S. tuberosum L.) of cv. Kufri Chipsona-2 were used for this experiment. This cultivar was grown at CPRIC, Modipuram, India during winters of 2013-14 (Rabi season) using standard package of practices (Kumar et al. 2007 ). Potato tubers after skin curing were stored at elevated temperature (10-12°C) storage chambers using sprout suppressant CIPC or Chloropropham treatment (Singh et al. 2004 ) till utilized. Potato chips of an average thickness of 1.6 mm were cut from a commercially available chips cutter.
Compositional analysis
Composition of peeled potato was done as per the standard methodologies reported by Ranganna (2007) . Mineral analysis was done in Micro wave Plasma Atomic Emission Spectroscopy (MPAES) from Agilent Technologies 4100 MP AES, USA.
Microwave processing and drying
Microwave processing of raw potato chips were performed in a domestic digital microwave oven (Samsung CE104VD, Malaysia). The microwave oven had the capability of operating at five different microwave output powers (180, 300, 450, 600 and 900 W). A known weight of sample (25 g) was placed uniformly in the rotating glass plate of microwave oven and placed in the center. The drying experiments were conducted by subjecting the potato chips to predetermined microwave power at varied time intervals with 30 s increments until the weight of the sample was reduced to a level corresponding to moisture content of about 0.12 g water/g dry basis. It was ensured that during drying, microwave application was applied non-intermittently. Three replications of each experiment were performed according to a preset microwave output power and time schedule.
Drying kinetics
For the purpose of drying kinetics study, the moisture ratio was calculated with Eq. (1)
where, M t is the moisture content at time t, M 0 is the initial moisture content and M e is equilibrium moisture content of microwave dried potato chips. The microwave drying data was fitted to 11 drying models (Table 1) Where, k, a, b, c, k 1 , k 2 were the model constants and t was the drying time (s). Comparative study of different models was done in order to test the applicability of the model/s for microwave drying of potato chips. The parameters of the equation were evaluated using STA-TISTICA version 6.0 (nonlinear regression analysis).
Model adequacy was tested by Correlation coefficient (R 2 ), Root mean square error (RMSE) and by Chi square (v 2 ) value. Model having maximum R 2 and minimum RMSE and v 2 value was chosen as the best fit (Mohapatra and Rao 2005 and Pardeshi et al. 2013) . Residual plots were also plotted by plotting residuals on the vertical axis and the independent variable (predicted values of moisture ratio) on the horizontal axis for each model.
Effective Moisture Diffusivity: The effective moisture diffusivity (D eff ) of potato chips was calculated using following expression Eq. (2) as used by Dak and Prateek (2014) :
where, F 0 is Fourier number and t is the drying time (t) along with the corresponding average radius of the potato chips. The diameter of fresh chips was measured using a digital caliper having 0.01 cm least count.
Colour measurement
During microwave processing, potato chips samples were removed from the microwave oven at prespecified time intervals (30 s) for colour measurements. The colour parameters for the colour change of the materials were quantified by Hunter L* (whiteness/darkness), a* (redness/greenness), and b* (yellowness/blueness) values with a Hunter colour meter (Hunter Associates Lab Inc (Model No: LabScan XE, USA) in a room with controlled light. The instrument was calibrated before the experiments with a white ceramic plate (X = 79.31, Y = 84.11, Z = 88.94).
The potato chips cover the entire surface area of 1 cm pore, were scanned at three different locations to determine the average L*, a*, and b* values during the experiment. In addition, the total colour change (DE) Eq. (2) was calculated from the Hunter L*, a*, b* scale and used to describe the total colour change during microwave processing of potato chips.
where
Along with this, Hue angle, Chroma and Browning Index were also calculated using the following expression:
where, x ¼ a t þ1:75L t ð Þ 5:645L t þa t À3:012b t ð Þ
't' in subscript shows value of a particular attribute at time t.
Fat estimation
The fat content of microwaved chips as well as commercial chips (Lay's classic salted) was calculated using solvent extraction principle (Ranganna 2007) in Soxhlet assembly (Model: Socs Plus SCS 4 model made by Pelican Equipments, Chennai, India). Approximately, 0.50-0.75 g (a) triplicate samples of potato chips were crushed and allowed for solvent extraction for 1 h using 70 ml of petroleum ether (B. pt. 40-60°C) as solvent.
Texture analysis
The texture characteristics of potato chips was evaluated by Texture Analyzer (Model: Stable Micro System, TA.XT.-Plus, UK). A chip was placed on a hollow planar base. The Sharma and Prasad (2004) force was then applied to the sample by a using cylindrical probe of 0.25 mm diameter at a constant speed of 1 mm/s until the sample was cracked. Force-deformation data were recorded to determine the textural characteristics of the chip. The maximum force of break, initial slope of deformation were indicated as hardness and crispness of the chip, respectively (Aguilera et al. 2004 ). All tests were performed in duplicate and the average values were reported. The Pre-test speed, Test speed, Post test speed, Distance, Trigger type, Data acquisition Rate and Load cell were set at 1.0 mm/s, 1.0 mm/s, 10 m/s, 3 mm, Auto-10 g, 500pps and 50 kg, respectively.
Sensory evaluation
Potato chips samples were evaluated for their all sensory attributes including textural attributes by 10 semi-trained panelists, on 9-point Hedonic scale, where 9 and 1 represented liked extremely and disliked extremely, respectively (Larmond 1977) .
Results and discussion
Compositional analysis
The physico-chemical attributes of potatoes are shown in Table 2 . Slight variation in the estimated value from the earlier reported (Rautela et al. 2009 ) may be due to the fact that in the supported study organic potatoes of Kufri Chipsona-2 variety were used whereas in the present study conventionally grown potatoes of same variety were used to prepare chips. Peel content was higher than reported earlier by Garmakhany et al. (2008) which may be due to the difference in peeling procedure.
Drying characterization
Drying kinetics
The microwave drying data of potato chips was fitted to 11 different drying models (Table 1) to describe the drying kinetics. Model having maximum R 2 and minimum RMSE and v 2 value was chosen as the best fit. The Parabolic model was superior to the other models, having the lowest RMSE, ranging from 0.010053 to 0.009018, the lowest v 2 ranging from 0.0847 to 0.103313 and the highest correlation coefficient (R 2 ) ranging from 0.9718 to 0.9846. Moreover, the residual plot of the Parabolic model was not systematic and very close to horizontal axis. Therefore, Parabolic model was found to be the best fit to illustrate drying kinetics of potato chips in microwave heating followed by Diffusion and Verma et al. model. All the three Table 2 Physico chemical characteristics of potato models had the correlation coefficient value (R 2 ) higher than 96 % for most of the drying conditions which shows a good fit between the predicted as well as the actual moisture ratios of potato chips.
Microwave drying of potato chips
The average drying rates at 180, 300, 450, 600 and 900 W of microwave power were in the range of 3.12 9 10 -4 -9.72 9 10 -3 , 1.95 9 10 -3 -1.24 9 10 -2 , 1.01 9 10 -2 -1.54 9 10 -2 , 0.76 9 10 -2 -2.30 9 10 -2 and 0.49 9 10 -2 -2.20 9 10 -2 kg H 2 O/kg db, respectively at the experimental conditions of present study. Almost all drying of potato chips took place in falling rate period. At the beginning of the drying, the moisture content of the potato chips reduced quickly due to significant vapour pressure gradient developed between the centre and the surface of the product (Krishna Murthy et al. 2014 ). As drying continues, the loss of moisture from the product decreases as the vapour pressure gradient decreases and results in a fall in the drying rate during the later part of microwave drying (Kharaisheh et al. 1995) .
However, increasing the microwave power intensity from 7.21 to 36.32 W/g -1 enhanced the moisture reduction due to higher drying rate ( Fig. 1 and Table 3 ). This agreed with other studies, including those on mushrooms (Giri and Prasad 2007) and apple pomace (Wang et al. 2007 ). Therefore, the drying times required to reduce the moisture content to less than 0.14 kg water kg dry solid -1 were 5.5, 4.0, 2.5, 3.0 and 3.0 min for 180, 300, 450, 600 and 900 W, respectively. The highest drying rate was observed at 450 W and lowest was observed in 180 W (Table 3 ). The change in the moisture content slowed down later, when the moisture content had decreased, because the dielectric constant of food samples tends to decrease as the moisture content decreases (Scaman and Durance 2005) . When the moisture content of the Potato chips samples was reduced to 0.50 kg water kg dry solid -1 , the rates of moisture change in the potato slices for various microwave power levels were almost similar (Fig. 1) . This indicated the significance of internal resistance to mass transfer at low moisture content in the materials (Giri and Prasad 2007) .
Effective moisture diffusivity
Similar to drying rate, initially effective moisture diffusivity (D eff ) increased with time as the microwave power increased (Fig. 2) . The highest has been observed for 600 W whereas the lowest has been observed for 180 wattage till constant weight achieved (Table 3) . From  Fig. 2 , it was also observed that towards the end of drying process, moisture diffusivity remained constant or rather decreased. It may be due to the shrinkage defect of drying on potato chips. Because of this shrinkage, diameter of pores decreased and therefore, moisture diffusion decreased. Such effect of porosity on moisture diffusivity of bakery products was also observed by Tong and Lund (1990) .
Microwave processing of potato chips
Process kinetics
As moisture content directly affects the textural attributes of food products therefore, microwave processing was continued till the moisture content similar to fried potato chips (*1.90 %, fwb) was achieved by the microwaved potato chips at each wattage. At 180 and 300 W, chips became soggy due to lower drying rates whereas at 900 W, as drying time progressed, browning of potato chips occurred due to high temperature.
It is also important to note that the highest drying rate was observed at 450 W and B0.12 moisture content (dwb) was achieved in less than 2.5 min of processing ( Fig. 1 and Table 3 ). Therefore, for processing of potato chips, 450 W was not suitable as high drying rate is associated with quick removal of water molecules which reduces the moisture content of potato chips without making them palatable. For that reason, 600 W was found to be the most suitable for processing the potato chips by microwave heating. After 2.5-3.0 min of processing at 600 W, the average moisture content of chips was 1.92 % (fwb) which was similar to control and commercial preparation of potato chips (Shiroma and Rodrigues-Saona 2007).
Colour quantification
The colors of the samples were measured in terms of Hunter parameters (L*, a* and b*) in order to investigate the color changes of potato chips as affected by different microwave power. The L*, a* and b* of raw potato chips were 68.00 ± 1.831, -1.0675 ± 0.273 and 13.821 ± 1.315, respectively. The L value did not change much and Fig. 1 Changes in drying rate of potato chips under different microwave power almost remains unchanged for whole drying experiment and almost all values were lying between 64.00 and 69.00. It may be due the fact that microwave drying did not induced browning much as it inhibited enzymatic action responsible for browning rapidly (Barbosa-Canovas and Vega-Mercado 1996). Therefore, potato chips which were actually unblanched did not show any sign of enzymatic browning during whole drying process. Bai-Ngew et al. (2011) also observed that the non-significant change in L-value when they vacuum dried durian chips with microwave heating. For greenness/redness scale (a value), as microwave power increases a* value changes from -1.8 to -0.4, -3.505 to 4.7, -3.065 to -1.395, -3.28 to 15.425 and 10.225 to 32.635 at microwave power level of 180, 300, 450, 600 and 900 W, respectively. All dried potato chips had high reddish tint than fresh potato slices (a value = -1.125). It was noted that the microwave wattage had an influence on the redness, particularly at the wattage like 600 and 900 W. This is because Maillard reaction (non enzymatic browning) or other thermal damages occurred more at higher drying temperatures. The increase in a* value for each drying conditions shows an overall shift of chips colour towards redness. An increase in the b* value was also observed during microwave drying with time for each wattage. This shows change in colour towards yellowness. This increase might be developed from an increase of carotenoid content per unit weight during drying (Park 1987) . Pimpaporn et al. (2007) also observed increase in a* and b* values in potato chips dried through low-pressure superheated steam after various pretreatments. Therefore, overall colour of potato chips can be described as slight reddish yellow.
The values of L* remained almost constant whereas a* and b* values increased continuously. As per the Eq. (3) the total colour change is the function of L*, a* and b* values therefore, total color change (DE) of potato chips was increased significantly during microwave drying with drying time and ranged from 1.630 to 38.214 as the microwave output power increased from 180 to 900 W, respectively. Dadali et al. (2007) also observed that during microwave drying of okra, value of delta E increases.
Chroma increased during drying and closely followed the b values. During microwave drying, the final chroma changed slightly with the microwave output powers applied. This indicates the stability of yellowness in potato chips. Hue angle was also increased during microwave drying. The final values approached by hue angle observed were almost same for all microwave output powers applied. Dadali et al. (2007) also observed that in okra, Hue angle was approached to a constant value for all microwave output powers applied. The Browning index was increased and totally depend on microwave wattage and drying time.
Colour of microwaved potato chips after 2.5-3.0 min of microwave processing at 600 W can be described as slight creamish yellow (L*: 69.38; a*: -2.31; b*: 19.22) which was quite similar to control preparation i.e. fried potato chips (L*: 64.60; a*: -2.09; b*: 17.51) (Fig. 3a, b) . Bai- 7.04 9 10 Ngew et al. 2011 also reported that colour of microwaved durian chips (under vacuum) were lighter than control preparation and was quite desirable.
Quality characteristics of microwaved chips
Fat content
The estimated fat content of commercial available chips (Lay's classic salted) and control samples was found to be 35.52-36.37 %, respectively. The fat content of fried potato chips available in market from various brands found to vary between 35.0 and 36.0 %. Various researchers had reported the fat content of potato chips to be in this range (Rautela et al. 2009 ) earlier also. The fat content of microwaved potato chips was 3.09 %, which was approximately 90 % less than the commercial and control preparations, therefore, the developed chips can be considered as low fat chips.
Texture profile and sensory evaluation
Texture is a very important criteria for deciding the overall acceptability of any food product by the consumers. Therefore, texture was evaluated by texture analyzer as well as subjectively by sensory analysis. Texture Profile Analysis showed that after 2.5-3.0 min of processing at 600 W, the fracturability of developed microwaved potato chips was similar to commercially available potato chips. It was found that at 600 W after 2.5-3.0 min of processing, potato chips gained the fracturability (452.21 g) and crispiness index (18 positive peaks) as that of commercial fried chips. Average fracturability of commercial available chips (Lay's classic salted) was 456.03 g with 21 positive peaks. It indicates that microwave heating at power level of 600 W has the potential to produce the chips from unblanched raw potato chips after 2.5-3.0 min of processing without addition of fat. The crispy texture was obtained by tissue consisting of air cavities surrounded by a brittle structural phase (Scaman and Durance 2005) . Air spaces of microwaved chips can easily be observed by the Fig. 3b . Thus, microwave processing was found suitable to process the potato chips with acceptable sensory and textural scores (C7.6 and 8.0, respectively on 9.0 point on hedonic scale vs 8.0 and 8.5 of control preparation).
Conclusion
The thin layer models were used to describe the drying kinetics of the potato slices. The Parabolic model provided the best fit. Upon increasing the microwave power intensity, the effective moisture diffusivity and drying rate increased. Therefore, drying time could be reduced significantly by microwave heating of potato chips. Microwave heating has the potential for drying as well processing of the potato chips. At power level of 600 W potato chips can be produced from unblanched raw potato slices without addition of fat within 2.5-3.0 min of processing. The structure, texture and colour of the microwaved potato chips were comparable to those of conventionally fried potato chips with lesser fat content (*3.09 vs 35.52 % in commercial preparation). Since till date microwave processing of potato chips has not been reported, it could emerge as a useful technique for making crispy chips with minimum oil content. The present study was conducted with small sample size (25 g) and thus before final recommendation of this technology for its industrial use, confirmations are required using bigger sample sizes in continuous microwave lines.
